The ability of the cornea to transmit light while being mechanically resilient is directly attributable to the formation of an extracellular matrix containing orthogonal sheets of collagen fibrils. The detailed structure of the fibrils and how this structure underpins the mechanical properties and organization of the cornea is understood poorly. In this study, we used automated electron tomography to study the three-dimensional organization of molecules in corneal collagen fibrils. The reconstructions show that the collagen molecules in the 36-nm diameter collagen fibrils are organized into microfibrils (Ϸ4-nm diameter) that are tilted by Ϸ15°to the fibril long axis in a right-handed helix. An unexpected finding was that the microfibrils exhibit a constant-tilt angle independent of radial position within the fibril. This feature suggests that microfibrils in concentric layers are not always parallel to each other and cannot retain the same neighbors between layers. Analysis of the lateral structure shows that the microfibrils exhibit regions of order and disorder within the 67-nm axial repeat of collagen fibrils. Furthermore, the microfibrils are ordered at three specific regions of the axial repeat of collagen fibrils that correspond to the N-and C-telopeptides and the d-band of the gap zone. The reconstructions also show macromolecules binding to the fibril surface at sites that correspond precisely to where the microfibrils are most orderly.
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automated electron tomography ͉ microfibril ͉ filaments T he cornea is a highly specialized tissue that combines optical transparency with mechanical resilience. These properties are directly attributable to the formation of an extracellular matrix containing narrow-diameter (Ϸ36 nm) and heterotypic collagen fibrils that are spaced and organized uniformly into sheets of parallel fibrils. Each sheet is arranged orthogonal to its neighbor and to the path of light through the cornea. We reasoned that an understanding of the morphogenesis of the corneal stroma requires detailed knowledge of the structure of individual collagen fibrils.
Corneal fibrils are D-periodic (axial periodicity of collagen fibrils, where D Ϸ67 nm), uniformly narrow (Ϸ30-35 nm in diameter), and indeterminate in length, particularly in older animals. The D-periodicity of the fibril arises from side-to-side associations of triple-helical collagen molecules that are Ϸ300 nm in length (i.e., the molecular length ϭ 4.4 ϫ D) and are staggered by D. The D-stagger of collagen molecules produces alternating regions of protein density in the fibril, which explains the characteristic gap and overlap appearance of fibrils negatively contrasted for transmission electron microscopy. Previous attempts to study the high-resolution structure of collagen fibrils have used primarily x-ray fiber diffraction of rat tail tendon (e.g., ref. 1 and references therein) and lamprey notochord (2) in which the fibrils are aligned and composed mostly of one genetic type of collagen. This method has yielded information about the triple-helical structure of the collagen molecules. However, there is controversy about the packing of the molecules in the fibril. In particular, about whether the fibril has a microfibrillar substructure or a crystalline packing of collagen molecules in a sheet structure (3) (4) (5) . A five-stranded microfibrillar model was proposed originally by Smith (6) and then developed by Piez and Trus (7, 8) on the basis of sequence regularities and x-ray diffraction data. Recent analysis of synchrotron x-ray diffraction from rat tail tendon has yielded the best agreement with a microfibril substructure (9) .
Corneal collagen fibrils are heterotypic structures composed of type I collagen molecules coassembled along with those of type V collagen (10) . The collagen molecules comprise an uninterrupted triple-helical domain flanked by short telopeptides at the ends of each polypeptide chain (for review see ref.
11). These collagens are synthesized as precursor procollagens containing N-and C-terminal propeptides. The removal of the C-propeptides by procollagen C-proteinases (12) is required for the self-assembly of collagen molecules into fibrils (13) , whereas cleavage of the N-propeptides is not. In cornea, the completely processed form of type V collagen retains a large N-terminal propeptide domain (14) , which has been implicated in fibril diameter limitation (ref. 15 and references therein).
FACIT (Fibril Associated Collagens with Interrupted Triple helices) collagens have important roles in modifying the structure and function of collagen fibrils. Type IX collagen, for example, is a FACIT collagen that lies on the surface of collagen fibrils in cartilage where it is bound covalently to type II collagen molecules (16) . The N-terminal noncollagenous domain of type IX collagen projects from the surface of the fibrils (17) and can bind cartilage oligomeric matrix protein (18, 19) . Type XII and XIV collagens are FACIT collagens that occur in the cornea (20, 21) . By analogy with type IX collagen, the N-terminal domains of type XII and XIV collagens might be expected to protrude from the surface of corneal collagen fibrils where they would be able to interact with proteins in the corneal stroma.
Other proteins, in addition to FACIT collagens, have important roles in modifying the structure and function of collagen fibrils. These include, for example, some leucine-rich repeat (LRR) proteoglycans (for review see refs. 22 and 23 and references therein). At least four corneal LRR proteoglycans have been identified (24) . These include decorin, lumican, keratocan, and osteoglycin (also known as mimecan). The importance of LRR proteoglycans in corneal stroma development is exemplified in mice lacking lumican, for example, that develop corneal opacity (25) , and in people who have mutations in kera, the gene encoding keratocan, who have cornea plana (26) , in which the forward convex curvature is flattened leading to a decrease in refraction. Studies, therefore, to determine the structure of corneal fibrils and to identify, in three dimensions, the binding of FACIT collagens, LRR proteoglycans, and other macromolecules, are directly relevant to understanding the assembly of the corneal stroma in health and disease.
Materials and Methods
Sample Preparation. We isolated individual collagen fibrils from adult bovine cornea by using established procedures (27) and prepared the fibrils for transmission electron microscopy by either freeze-drying in 2% (wt͞vol) uranyl acetate or air drying in 5% (wt͞vol) uranyl acetate. The grids were pretreated with colloidal gold (5 nm) to serve as fiducial markers in subsequent alignment of images for three-dimensional reconstruction.
Automated Electron Tomography (AET) and Three-Dimensional Reconstruction. By using automated low-dose technique, we recorded tomographic series from 12 different fibrils over a tilt range of Ϯ70°a t 1 or 2°intervals, using a 200 kV FEG electron microscope (CM200, Philips, Eindhoven, The Netherlands), at an instrumental magnification of 20 K with a total accumulated dose of typically Ϸ600 electrons per Å
Ϫ2
. Automated low-dose acquisition of tilt series with standard tracking and focusing procedures was controlled by an external computer running the microscope control and image acquisition software (Tietz, Gauting, Germany). Images were recorded on a cooled CCD camera (1,024 ϫ 1,024 pixels, Photometrics, Tucson, AZ). Reconstruction of three-dimensional volumes from tilt series was performed by the weighted backprojection method by using the IMOD software package (28) .
Image Analysis on Three-Dimensional Image Data. Fourier transforms and Fourier filtering on virtual slice image data were done by using the SEMPER image analysis software (Synoptics, Cambridge, U.K.). For analysis of the longitudinal slices of the reconstruction, Fourier filtering was used to enhance the signal-to-noise ratio and to allow clearer visualization of microfibrillar substructure. For analysis of cross sections of the reconstructions, the original images were deblurred in the z axis to allow resolution of the microfibrils. Noise reduction was achieved by band-pass filtering in the spatial frequency range 1͞2.5 nm
Ϫ1
to 1͞8 nm
. Two measurements of lateral order were obtained. The first was to use autocorrelation on the filtered transverse slices. The second was to use relative peak-intensity measurements on Fourier intensities of the virtual slices. To obtain theoretical axial stain patterns, we used values for residue side-chain bulkiness, the amino acid sequences of type I collagen, the known triple-helical structure of the collagen molecules, and the quasi-quarter staggered alignment of collagen molecules in the fibril.
Results
The Gap-Overlap Structure Occurs Throughout the Fibril Cross Section. Fig. 1A shows part of a collagen fibril that was obtained by gentle homogenization of bovine cornea and prepared for transmission electron microscopy by negative staining in 2% (vol͞vol) uranyl acetate. The isolation procedure produces a stable suspension of collagen fibrils that do not aggregate or fuse. The fibril was typical of those isolated from cornea in that it was Ϸ36 nm in diameter (29, 30) and exhibited the usual 67-nm D-periodicity of collagen fibrils. Three stain-excluding domains that repeated D-period were distinguishable in each D-period; one domain corresponded to the C-telopeptides of collagen, one domain corresponded to the Ntelopeptides of collagen, and one domain was in the gap (stainfilled) zone of the fibril. These domains were identified by alignment with a model for the quarter-staggered arrangement of collagen molecules in the fibril (Fig. 1C) . By using AET, we recorded tilt series from 12 different fibrils and computed threedimensional reconstructions. Fig. 1B shows a slice taken through the center of one of the reconstructions, corresponding to five contiguous D-periods. The colloidal gold particles (the fiducial markers) were spherical in the reconstructions, which was indicative of accurate reconstruction. The slice exhibits the same three domains that were visible in the original negative-stained images (Fig. 1 A) and shows that the axial structure of the fibril is the same throughout the body of the fibril.
Resolution in the Reconstruction. To determine the resolution in the x-y plane of the reconstruction, we generated a trace of the theoretical distribution of bulkiness within a collagen fibril D-period and compared this distribution of stain to that observed within the reconstruction. The results showed that best fit between experimental and theoretical traces ( Fig. 2A) was obtained when the theoretical trace was smoothed to 18 Å (Fig.  2B ). This approach has been used successfully to study the axial structure of collagen fibrils (31) .
The Fibrils Had a Microfibrillar Substructure. Fig. 3 (''slice'' ) shows x-y slices through the top, middle, and bottom of a typical reconstruct. Visual inspection of x-y slices through the reconstructions shows that the fibrils are constructed from narrowdiameter microfibrils. Fourier transform intensities of x-y slices corresponding to the top and bottom of the fibril (i.e., high and low values on the z axis, respectively, relative to the carbon support film on which the fibril was resting) exhibit equatorial reflections that were consistent with tilted microfibrils (Fig. 3 ''power spectrum''). To display the arrangement of microfibrils, we produced a Fourier mask (Fig. 3 ''mask'' ) and inverted the filtered transform (Fig. 3 ''inverse transform'') . The inverted transforms show that the microfibrils are tilted, in a right-hand orientation, with respect to the fibril long axis.
To determine the lateral (i.e., in the y-z plane, perpendicular to the long axis of the fibril) organization of collagen microfibrils in the fibril, we examined consecutive y-z slices and determined regions of ordered packing of the microfibrils. Fig. 4A shows band-pass filtered images of slices through the gap, telopeptide, and overlap regions of a typical reconstruct. The microfibrils (which are stain-excluding and therefore appear white in the image) are circular in cross section. Autocorrelation function analysis of the slices (Fig. 4A ' 'ACF'') shows that the microfibrils exhibit preferred hexagonal packing at the C-telopeptide, gap, and N-telopeptide regions of the D-period. At these regions of highest order, the mean center-to-center spacing of microfibrils was 4.1 nm. The extent of order and disorder was displayed by plotting the intensity͞mean of the power spectrum throughout the D-period (Fig. 4B) .
Visualization of Surface-Bound Macromolecules. Fig. 5 shows a typical slice taken from one of the reconstructions in which surface-bound macromolecules are visible. The macromolecules are not evident in every D-period and range in size from 2 to 8 nm. Therefore, the smallest macromolecules are visualized at the limit of resolution of the reconstructions. Nevertheless, it was possible to discern that the surface-bound macromolecules occur at sites adjacent to the N-telopeptides of collagen, the Ctelopeptides of collagen, and the d-band in the gap zone of the fibrils. Fig. 5 shows a gallery of these macromolecules. Within the category of macromolecules adjacent to the N-telopeptides, some views exhibited a doughnut or ring structure with an outer diameter of 6 nm. Some of the macromolecules adjacent to the C-telopeptides exhibit a stalk that connects a globular head to the fibril surface. The macromolecules associated with the d-band are the least conspicuous and are either small or closely associated with microfibrils at the fibril surface.
Discussion
The present study has achieved a three-dimensional reconstruction of corneal collagen fibrils of sufficient resolution to reveal a microfibrillar substructure and macromolecules bound to the fibril surface. The microfibrils, which are uniform in diameter (Ϸ4 nm) and tilted right-handed with respect to the long axis of the fibril, are the principal tensile element of the fibrils. The right-handed path of the microfibrils represents a final level of alternating handedness at successive levels of structure in the fibril, which begins with left-handed polypeptide chains in collagen molecules to right-handed super helices in triple-helical collagen molecules and then to left-handed collagen molecules within microfibrils (1). Presumably, alternating handedness among successive structural levels increases the resistance of the fibril to elongation. Furthermore, a fibril composed of microfibrils would be expected to be more resistant to fracture propagation than one composed of a crystalline arrangement of molecules.
A surprising observation is that the microfibrils exhibit a constant tilt angle (Ϸ15°) irrespective of the radial distance from the center of the fibril. Raspanti et al. (32) have observed helical microfibrils (tilted by 17°to the fibril long axis) on the surface of fibrils in skin and aorta by using freeze-fracture and freezeetch techniques. Two models were proposed to account for this helical arrangement. The ''constant tilt angle'' model composed microfibrils at the same tilt angle in coaxial layers. The ''constant pitch'' model described an arrangement in which microfibrils at the core of the fibril were approximately parallel to the long axis and those at the fibril surface exhibited a pronounced helical tilt. Our data support the constant tilt angle model as the basis for the structure of corneal collagen fibrils.
The three-dimensional reconstructions show that microfibrils have a relatively ordered lateral arrangement at the boundaries of the overlap regions (directly corresponding to the projected positions of the telopeptides of collagen molecules) and at a region within the gap region. In other regions of the D-period, the microfibrils exhibit a disordered arrangement. The observation that microfibrils are ordered at the telopeptide regions of corneal fibrils is consistent with x-ray data from stretched rat tail tendon, which shows crystalline packing in these regions, and biochemical studies of heterotypic fibrils containing type I and V collagen showing intermolecular covalent crosslinks involving specific lysyl and hydroxylysyl residues (33, 34) . However, covalent crosslinking does not account readily for the ordered packing of microfibrils in the gap region. The molecular basis of this ordered packing is unclear.
A prominent feature of corneal fibril structure is the occurrence of macromolecules at sites on the fibril surface. Further- Fig. 3 . Visualization of microfibrillar structure. Longitudinal virtual slices (x-y) through the three-dimensional reconstruction sampling the fibril in the top, middle, and bottom zones, as indicated schematically. The raw slice images are shown together with the power spectra masks that include the main peak intensities and the Fourier-filtered images by using these masks. A filamentous substructure is apparent in the original images and this is enhanced after filtering. The filaments show a predominant tilt of about ϩ15°and Ϫ15°in the upper and lower zones of the fibril, respectively. The tilt direction changes rapidly in the central zone. Both tilt components can be seen in the middle slice. more, these sites correspond precisely to the sites where the microfibrils are most ordered. Evidence from in vitro studies of collagen fibril formation suggests that the telopeptides are crucial for fibril formation (35) (36) (37) . The present study shows that these sequences have additional roles in binding macromolecules from the extracellular matrix, which presumably have functions in regulating fibril assembly. The size of some of the macromolecules (after contrast enhancement for electron microscopy) was approximately the same as the resolution limit of the threedimensional reconstruction. Therefore, it was not possible to identify the macromolecules from their shape. However, a likely candidate for some of these structures is the N-propeptide of type V collagen. Detailed studies demonstrate that these Npropeptides are located at the fibril surface and have a spiral distribution around the fibril (14) .
It is also possible that some of the macromolecules seen in the reconstructions are LRR proteoglycans and FACIT collagens. LRR proteoglycans have been implicated in maintaining inter- fibrillar spacing (38) and inhibiting lateral fusion of fibrils. Lumican, for example, occurs in cornea and nonexpression leads to loss of transparency with increased fibril diameter and decreased spatial organization of fibrils (39) . Decorin, for example, is known to bind to individual collagen molecules at a narrow region near the C terminus of type I collagen (40) or to two regions on the triple-helical domain (41) . These sites would predict binding at the c 1 and d͞e bands in the collagen fibril, respectively. Noteworthy, the reconstructions show macromolecules binding to both these sites. Type XII and XIV collagens are further candidates for the macromolecules seen in the reconstructions. Both these collagens occur in cornea (42) but their precise locations are unknown. Visualization of surface-bound macromolecules. The upper image is part of a central slice of a three-dimensional reconstruction of a negatively stained collagen fibril, showing macromolecules bound at preferred axial locations along the fibril. The arrow shows the molecular polarity of the fibril. The gallery shows views of 18 individual macromolecules that were bound to N-telopeptides (N-telo), C-telopeptides (C-telo), and the gap zone. Nine macromolecules are shown for each location. Note the doughnut (ring-shaped) structure at the Ntelopeptides and the tadpole-shaped molecule bound to the C-telopeptides. The macromolecules bound to the gap zone were smaller and more conspicuous than those bound to the telopeptides.
